INTRODUCTION
The mucosal immune system, including the gut, is an early target of human immunodeficiency virus (HIV) / simian immunodeficiency virus (SIV) infection. Hallmarks of HIV-1 infection are immune activation, CD4 + T-cell loss, and susceptibility to opportunistic infection. 1,2 Whether CD4 + T-cell loss is caused by direct HIV killing of CD4 + T cells or by chronic immune activation or both is still a source of debate. 3 Mucosal surfaces constitute the largest immunological barriers against microorganisms in the body. In both pathogenic SIV macaque models and in HIV-1 infection of humans, loss of CD4 + CCR5 + T cells from all mucosal compartments is observed early in infection, 4-7 and evidence suggests that normal homeostasis of CD4 + T cells in these compartments is not reconstituted even when HIV-1-infected individuals are treated by antiretroviral therapy. 8 While CD4 + T-cell loss at mucosal sites is likely very important, recent data in a non-pathogenic non-human primate model suggest that depletion of CD4 + CCR5 + T cells in the gut-associated lymphoid tissue is not sufficient to cause AIDS, 9,10 raising the possibility that other events, such as the selective loss of CD4 + T cells with different effector functions, may be important.
Classically, CD4 + T cells are composed of Th1 cells that produce interferon-(IFN-) and are important for adaptive responses to viruses, intracellular bacteria, and protozoan parasites, and Th2 cells that produce interleukin (IL)-4, IL-5, and IL-13 and direct immune responses to metazoan parasites. Recently, another CD4 + T-cell subset that produces IL-17, a cytokine important in host defense against extracellular bacteria, was identified (Th17). [11] [12] [13] [14] In mice, IL-17 differentiation is driven by transforming growth factor-and IL-6 and requires the transcription activator retinoid-related orphan receptor-t, which in turn activates the expression of IL-17 and the IL-23 receptor (IL-23R). In contrast, in humans, Altered balance between Th17 and Th1 cells at mucosal sites predicts AIDS progression in simian immunodeficiency virus-infected macaques 
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Th17 polarization is induced by IL-1 and enhanced by IL-6 but is suppressed by transforming growth factor-and IL-12. 15 Differentiation of Th17 cells is initiated by IL-6 and requires sequential involvement of both IL-21 and IL-23 pathways. [16] [17] [18] [19] Th17 cells, in addition to IL-17, produce IL-22, a cytokine that induces production of antibacterial defensins.
While the induction and function of Th1 and Th2 cells are well understood, the full spectrum of functions of Th17 cells has not been defined. Th17 cells are important in mucosal immunity to extracellular bacteria. IL-17 induces production of granulocyte-colonystimulating factor and chemokines, which recruit myeloid cells to sites of inflammation. 20 In this way, IL-17 is thought to be important in the control of extracellular bacterial infection. 21 For example, recent studies show that IL-17R knockout mice have increased susceptibility to infection with Klebsiella pneumoniae 22 and mice deficient in the p19 or p40 subunit of IL-23 are unable to control Citrobacter rodentium infection. 23 Furthermore, it has been shown that IL-22 cooperates with IL-17 in the enhancement of the antibacterial response. 24 Th17 cells are also involved in autoimmune diseases. Recent studies have shown that the polymorphism of the IL-23R gene has been associated with a lower incidence of inflammatory bowel disease. 25 Furthermore, it has been shown that psoriatic skin lesions contain IL-23-producing dendritic cells, 26 and that IL-22 mediates acanthosis through IL-23 induction. 23 However, it is still unknown whether autoimmunity is mediated by the same type of cells or a different Th17 subtype.
Here, we investigated whether the frequency of Th17 lymphocytes is modified during SIV infection, particularly at mucosal sites. We found that there is a significantly higher number of Th17 cells in the gut than systemic tissues of healthy macaques and that SIV mac251 infection results in a significantly higher loss of Th17 than Th1 cells at mucosal sites of SIV-infected macaques. Normal frequencies of Th17 cells are found only in the SIV-infected macaques that could effectively control viral replication. The finding of a significant inverse relationship between the frequency of Th17 cells at mucosal sites and virus levels in plasma suggests a role for Th17 cells in AIDS pathogenesis.
RESULTS
The frequency of CD4 + IL-17 + T cells is higher in the gut than systemic compartments of healthy macaques Th17 cells are a newly identified subset of CD4 + effector T cells. We characterized their phenotype in na ï ve rhesus macaques and we found that a discreet specific population of CD4 + T cells expressing IL-17 is detected in blood following phorbol 12-myristate 13-acetate (PMA) and ionomycin stimulation ( Figure 1a ) . Most of the Th17 T cells in blood are distinct from Th1 cells that express IFN- ( Figure 1b ) and from CD4 + CD25 high regulatory T cells (T reg ) as they do not co-stain with the anti-CD25 antibody ( Figure 1c ) .
Next, we studied the distribution of Th1 and Th17 cells in systemic and mucosal tissues collected from 13 healthy uninfected macaques ( Table 1 ). The frequency of CD4 + IL-17 + T cells in blood, spleen, and lymph nodes was lower than that at mucosal sites ( Figure 1d ). Analysis of the mean percentage of CD4 + IL-17 + T cells in the tissues of the na ï ve macaques revealed a significant difference in their frequency in systemic and mucosal compartments ( P < 0.001) ( Figure 1e ). In contrast, no differences in the frequency of CD4 + IFN-+ T cells were observed between mucosal and systemic compartments ( Figure 1f ).
CD4 + IL-17 + T cells are susceptible to SIV infection in vitro and in vivo
We investigated the susceptibility of Th17 cells to SIV infection in vitro by exposing sorted CD4 + T cells from healthy human peripheral blood mononuclear cells (PBMCs) to SIV mac251 . The p27 Gag protein was detected both in the supernatant of the cell cultures ( Figure 2a ) and by intracellular staining at day 14 ( Figure 2b ) , showing that the CD4 + T cells were productively infected with SIV. The permissiveness of Th17 cells to infection was demonstrated by the detection of cells able to produce simultaneously p27 Gag and IL-17 by fluorescence-activated cell sorting ( Figure 2c ). Indeed, our data show that both Th1 and Th17 cells can be infected in vitro by SIV mac251 .
To verify that Th17 cells are also infected in vivo , we obtained mononuclear cells from the spleen of four macaques chronically infected with SIV mac251 ( Table 1 ) To investigate the fate of CD4 + effector T cells following infection with SIV mac251 , we infected nine na ï ve rhesus macaques by the intrarectal route and enumerated Th17 and Th1 cells in blood, lymph nodes, colon, jejunum, and rectal mucosa. Because in this animal model the peak of viral replication occurs within the first few weeks from exposure to SIV ( Figure 3a ), we collected all tissues specimens at week 2 from infection ( Table 1 ) . We found that the frequency and absolute number of both Th17 and Th1 cells in blood were significantly decreased at 2 weeks from infection ( Figure 3b,c ) . Similarly, in lymph nodes there was a significant decrease in the percentage of both Th17 and Th1 cells ( Figure 3d ). In contrast, the frequency of Th17 but not Th1 cells was significantly reduced in colon, jejunum, and rectum ( Figure 3e -g ). If anything, the relative frequency of Th1 cells in the large intestine tended to be higher, suggesting that the decrease in Th17 frequency may be due to an increased recruitment of Th1 cells at these mucosal sites.
Normal frequency of Th17 cells is not reconstituted in systemic and mucosal tissues of chronically infected macaques
Next, we studied a cohort of 18 macaques that had been infected for more than 8 months with SIV mac251 and had CD4 + T-cell counts in blood that ranged between 107 and 651 counts per mm 3 and plasma virus levels below or above 50 copies per ml plasma ( Table 1 ). Similar to our finding in primary SIV mac251 infection, in chronically infected macaques, the frequency and the absolute number of both Th17 and Th1 effector cells were decreased in blood ( Figure 4a,b ) . Similarly, in lymph nodes the frequency of both CD4 + effector subsets remained significantly lower than that found in na ï ve macaques ( Figure 4c ). At mucosal sites, however, only the frequency of Th17 cells was significantly reduced ( Figure 4d -f ) . Analysis of the frequency of Th17 cells in tissues of macaques that had fewer than 50 SIV RNA copies per ml (elite controller macaques) demonstrated no significant differences with that of na ï ve macaques in jejunum and rectum but not in colon ( Figure 4g -i ).
The frequency of Th17 in tissues inversely correlates with virus but not lipopolysaccharide levels in plasma
Regression analysis using the Spearman rank correlation method was performed using the frequency of Th17 and Th1 cells in all tissues and plasma virus levels. Plasma virus levels were negatively correlated with the percentage of CD4 + IL-17 + T cells in seven of the eight tissues analyzed, and this correlation was ( Figure 5a and data not shown for colon, mesenteric lymph nodes, and spleen). Moreover, the frequency of CD4 + IFN-+ T cells in blood ( R = − 0.64, P = 0.0002), but not in the tissues, was negatively correlated with plasma virus levels ( Figure 5b ).
Because Th17 cells are important for innate and adaptive responses to extracellular bacteria and because bacterial translocation has been evoked as an underlying mechanism of chronic immune activation observed in HIV and in pathogenic models of SIV, 27 we investigated whether there was a correlation between the level of lipopolysaccharide (LPS) in plasma and the number of Th17 cells, particularly in the gut. LPS levels varied considerably in plasma of na ï ve and infected macaques ( Table 1 ) and regression analysis demonstrated no correlation with any of the tissues studied ( Figure 5c and data not shown).
DISCUSSION
HIV infection of humans is associated with a predominant CD4 + T-cell loss at mucosal sites and chronic enteropathy. 28, 29 The gastrointestinal tract is continually exposed to food and bacterial antigens and the appropriate balance between regulatory and effector T-cell response maintains its integrity. Within the mouse, there is a complex interplay between inflammatory effector CD4 + IL-17 + T cells and regulatory CD4 + FoxP3 + T cells. Transforming growth factor-1 itself promotes the differentiation of CD4 + FoxP3 + T reg , which are involved in the control of autoimmunity. 30 However, transforming growth factor-1 together with IL-6 promotes the Th17 lineage 31 -33 by stimulating the expression of the required transcription factor retinoid-related orphan receptor t. 16 Furthermore, the addition of IL-6 inhibits the generation of CD4 + FoxP3 + T reg .
HIV-1 infects CD4 + FoxP3 + T reg in vitro 34 and CD4 + CD25 + T cells are depleted during SIV infection in the intestinal lamina propria. 35 However, because phenotype markers such as CD25 and FoxP3 or gene expression profiles do not distinguish between activated and regulatory CD4 + CD25 + FoxP3 + T cells, the role of T reg in HIV / SIV pathogenesis remains uncertain. 36 Here, we demonstrate that in non-human primates the frequency of Th17 cells, but not Th1 cells, is significantly higher at mucosal sites than blood of healthy macaques and that infection with the pathogenic SIV mac251 differentially alters the balance between these two CD4 + effector subsets at mucosal sites. While in both acute and chronic SIV infection the number of both Th17 and Th1 cells is decreased in blood and lymph nodes, at mucosal sites only the frequency of Th17 cells is decreased during primary infection and it is not restored at normal level in the chronic phase of infection, except in animals able to contain viral replication.
The mechanism related to the apparent loss of Th17 cells remains unclear. We have provided evidence that SIV mac251 
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infects Th17 cells both in vitro and in vivo ; however, the contribution of SIV infection to the apparent loss of Th17 cells needs to be ascertained. It is plausible that Th17 cells are highly activated in the gut because of continuous exposure to bacterial antigens and became a target for the virus. Th17 cells produce IL-22, IL-17A, or IL-17F that together induce the expression of defensins and other antibacterial products. 24 IL-22 also induces LPS-binding protein in hepatocytes 37 and may prevent systemic inflammation provoked by LPS found in blood of HIV-infected individuals. 27 The loss of Th17 cells may create a vicious cycle in SIV / HIV infection: decreased host defenses to bacteria may favor breaches of the gastrointestinal barrier and result in a further increase in local immune activation and exacerbation of viral replication in the gut. With time, increased local tissue damage could further favor bacterial translocation 27 and systemic immune activation and lead to the progressive loss of all CD4 + T-cell subtypes from all compartments and development of AIDS.
An alternative hypothesis, however, is that there is increased recruitment of Th1 cells at sites of higher viral replication (the gut) with increased local production of INF-, a known inhibitor of Th17 differentiation. 38 It will be of great importance to demonstrate whether there is a real loss of Th17 cells by examining intact tissues of na ï ve and infected macaques and to dissect the mechanism(s) underlining the decrease in frequency of Th17 cells, as this information could guide novel therapeutic approaches.
Bacterial infections are frequent in HIV infection. Recurrent bacterial infections are found in children infected with HIV and are associated with a faster decline of CD4 + T cells. 39 HIVinfected individuals have an approximately 10-fold higher risk for bacterial pneumonia 40 and diarrheal disease occurs with an odd ratio of 10 for AIDS. 41 In developing countries, cryptococcal meningitis, cryptococcosis, and severe bacterial infection are considered AIDS-defining illnesses, 42, 43 and cryptococcal antigenemia has been well documented. 44 Interestingly, the introduction of effective antiretroviral therapy has resulted in a decrease in cytomegalovirus-related hospitalization but bacterial infection predominantly increased in the following years. 45 Candida albicans induces Th17 polarization in vitro , 12 and oral candidiasis and periodontal disease are frequent in untreated HIV-1-infected individuals. 46 HIV patients also have increased susceptibility to Mycobacteria tuberculosis . Interestingly, IL-23 and IL-17 may also be important in optimal responses to M. tuberculosis . 47 Because of the potential roles of IL-17 in host defense against extracellular bacteria and fungi, it is tempting to speculate that the loss of Th17 cells likely plays a very important role in AIDS pathogenesis.
Our observation that macaques infected with SIV mac251 that do not progress to disease (elite controllers) have normal frequency guidelines. All studies were reviewed and approved by the animal care and use committees at Advanced BioScience Laboratories (ABL) (Kensington, MD). Of these animals, 13 were na ï ve, 9 were infected intrarectally with SIV mac251 and sampled 2 weeks after infection (primary infection), and the remaining 18 were chronically infected with SIV mac251 for 8 months or longer and had CD4 + T-cell counts that ranged between 107 and 651 ( Table 1 ) and virus plasma levels below (5 macaques) or above (13 macaques) 50 copies SIV RNA per ml of plasma. The chronically infected macaques had been infected 8 months or more at the time of euthanasia. Viral load measurement . A real-time nucleic acid sequence-based amplification assay was used to measure SIV viral RNA in plasma. Plasma was clarified by centrifugation at 2,300 g for 3 min. Clarified plasma (0.1 ml) was lysed in 0.9 ml lysis buffer. For samples expected to have low viral load, the clarified plasma (0.5 -1 ml) was centrifuged at 49,100 g for 60 min. The virus pellet was then lysed in 1 ml lysis buffer. Nucleic acid was isolated as described previously 48 and then analyzed by real-time nucleic acid sequence-based amplification as described before. 49 The real-time nucleic acid sequence-based amplification assay had a lower limit of sensitivity of 50 copies of RNA. 
Preparation of lymphocytes from blood and tissues and in vitro infection with SIV mac251 . Mononuclear cells from blood, lymph nodes, bronchoalveolar lavage, and spleen were isolated by density-gradient centrifugation on Ficoll and resuspended in RPMI 1640 medium (Gibco BRL, Gaithersburg, MD) containing 10 % fetal bovine serum and 1 % penicillin -streptomycin (R-10). Tissues from jejunum, colon, and rectum were treated with 1 m M of ultra pure dithiothreitol (Invitrogen, Carlsbad, CA) for 30 min followed by incubation in calcium / magnesiumfree Hank ' s buffered salt solution (Gibco BRL) 3 -4 times for 60 min with stirring at room temperature to remove the epithelial layer. Lamina propria lymphocytes were separated following the removal of epithelium and intraepithelial lymphocytes. The remaining tissue was cut into small pieces and incubated with collagenase D (400 U / ml; Boehringer Mannheim, Mannheim, Germany) and DNase (1 g / ml; Invitrogen) for 2.5 h at 37 ° C in Iscove ' s modified Dulbecco ' s medium (Gibco BRL) supplemented with 10 % fetal bovine serum and 1 % penicillin -streptomycin. The dissociated mononuclear cells were than placed over 42 % Percoll (General Electric Healthcare, Piscataway, NJ) and centrifuged at 800 g for 25 min at 4 ° C. Lamina propria lymphocytes were collected from the cell pellet.
Human CD4 + T cells were sorted using the Miltenyi beads (Na ï ve CD4 + T-Cell Isolation Kit; Miltenyi Biotec, Auburn, CA). SIV mac251 at a 4 × 10 3 TCID50 (50 % tissue culture infection dose) was incubated with 4 -10 × 10 6 sorted CD4 + T cells for 4 h; cells were washed and cultured in RPMI 10 % fetal calf serum, supplemented with IL-6 and IL-1. At 3 days following infection, the cell culture media were supplemented with 40 U / ml of recombinant IL-2. Infection was monitored by measuring p27 in the supernatant of the cell culture using the Advanced BioScience Laboratories, ELISA kit (SIV p27 Antigen Capture Assay, catalog no. 5436).
LPS levels . Plasma samples were diluted fivefold with endotoxin-free water and then heated to 80 ° C for 10 min to inactivate plasma proteins. Plasma LPS was then quantified with a commercially available Limulus Amebocyte assay (Cambrex, Walkersville, MD) according to the manufacturer ' s protocol. Each sample was run in duplicate and background subtracted.
Intracellular cytokine staining for IL-17, cytokines, and viral antigens . Fresh or frozen lymphocytes were resuspended at 10 6 per ml in R-10 
supplemented with or without 50 ng / ml of PMA and 1 g / ml of ionomycin (Sigma, St Louis, MO). After 1 h of incubation at 37 ° C, concentrated monesin solution (eBioscience, San Diego, CA) was added to give a 1 × concentration and cells were incubated for 4 h or more at 37 ° C. Cells were then washed with 2 % fetal bovine serum in phosphate-buffered saline (Gibco BRL) and surface stained with or without anti-human CD4 phycoerythrin (PE) / PerCP / allophycocyanin (APC), anti-human CD3 PerCP (Becton Dickinson Pharmingen, San Diego, CA), antihuman CD8 PE (Beckman Coulter, Fullerton, CA), anti-human CD8 PerCP (Becton Dickinson Pharmingen), and anti-human CD25 PE (Becton Dickinson Pharmingen). After 30 min of incubation in the dark at room temperature, cells were washed with cold 2 % fetal bovine serum in phosphate-buffered saline. Cell pellets were resuspended with pulse vortex and 100 l IC Fixation Buffer (eBioscience) was added. Samples were incubated at 4 ° C for 20 min in the dark. After incubation, cells were washed twice with 2 ml 1 × Permeabilization Buffer (eBioscience) and centrifuged and decanted. Next, intracellular staining was performed in 100 l of 1 × Permeabilization Buffer using anti-human IL-17 Alexa-Fluor488 (eBioscience) and anti-human IFN-PE / APC (Becton Dickinson Pharmingen). After incubation for 30 min in the dark at room temperature, cells were washed twice with 2 ml 1 × Permeabilization Buffer.
Intracellular staining for viral antigens was performed using a mouse monoclonal anti-p27 antibody Advanced BioScience Laboratories. Briefly, after stimulation with PMA and ionomycin, cell pellets were fixed in 100 l IC Fixation Buffer (eBioscience). Intracellular staining was performed in 100 l of 1 % rat serum in Permeabilization Buffer using a 1:10,000 dilution of the anti-p27 antibody. After incubation for 30 min in the dark at room temperature, cells were washed twice and stained with anti-mouse IgG1 Alexa-Fluor488 antibody (Invitrogen) for 30 min in the dark at room temperature. Next, cells were washed twice and stained using anti-human IL-17 APC (eBioscience) and anti-human IFN-PE (R & D Systems, Minneapolis, MN). After 30 min incubation in the dark at room temperature, cells were washed and resuspended in 1 % paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in phosphate-buffered saline. Four-parameter flow cytometry analysis was performed using CELLQuest software. List mode data files were analyzed using FlowJo software (Tree Star, Ashland, OR). In all cases at least 50,000 live events were collected for analysis.
Monoclonal antibodies and T-cell phenotyping . Monoclonal antibodies and dead cell dye used for phenotypic and functional characterization of T-cell subsets were anti-CD3 Cy7APC, anti-CD8 PB, anti-CD19 PB, anti-CD14 PB, anti-IFN-fluorescein isothiocyanate, anti-CD4 APC, anti-CD95 Cy5PE (Becton Dickinson Pharmingen), anti-CD28 Texas Red PE, anti-IL-17 PE (eBioscience), and violet-fluorescent reactive dye (Invitrogen). As na ï ve T cells do not produce either IL-17 or IFN-, memory, CD4 + CD28 + CD95 + T cells were separated based upon production of IL-17, IFN-, or neither.
Flow cytometric analysis. Four-parameter flow cytometric analysis was performed using a FACSCalibur flow cytometer (Becton Dickinson Immunocytometry Systems, San Jose, CA). Fluorescein isothiocyanate, PE, PerCP, and APC were used as the fluorophores.
Eighteen-parameter flow cytometric analysis was performed using a FACSAria flow cytometer (Becton Dickinson Immunocytometry Systems). Fluorescein isothiocyanate, PE, APC, Cy7APC, Texas Red PE, violet amine reactive dye, and Pacific blue (PB) were used as the fluorophores.
Quantitative PCR . Quantification of SIV Gag DNA in sorted memory CD4 T cells was performed by quantitative PCR by means of the 5 Ј nuclease (TaqMan) assay with an ABI7700 system (PerkinElmer, Norwalk, CT) as previously described. 5 To quantify cell number in each reaction, quantitative PCR was performed simultaneously for albumin gene copy number as previously described. 50 Standards were constructed for absolute quantification of Gag and albumin copy number.
Statistical analysis . The data presented in Figures 1e,f, 3b -g, and 4a -i were analyzed using non-parametric Mann -Whitney U -test. The Spearman rank correlation method was used to analyze the data in 
